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Abstract: Grasslands are complex and heterogeneous ecosystems, and their health can be defined
by the cumulative ability of their components to evolve, adapt, and maintain their integrity in
the presence of stress/disturbance and provide ecosystem services. Herein, a design approach is
used to generate alternative and multifunctional pastoral livestock production systems that enhance
grassland health. As a way of understanding the complexity of grasslands and initiating the design
process using systems thinking, rich pictures emerge as a useful method. As rich pictures are
subjective views, geographic information systems (GIS) could be applied to improve the veracity
of their outcomes, as both techniques are forms of an analytical process. This paper reports the
application of GIS to a case study of a high-country farm to generate and combine different thematic
maps to create a modern rich picture. The rich picture is a combination of remote sensing data
(altitude, slope, aspects, and the Normalized Difference Vegetation Index (NDVI)), and on-the-ground
data (plant species distribution and diversity and soil chemical, biological, and physical parameters).
Layers were combined using a multi-criteria evaluation (MCE) based on the analytical hierarchy
process (AHP) to create a final rich picture. The results highlight dissimilarities in perceptions of what
underpins ‘grassland health’ between researchers in different fields and with different perspectives.
The use of GIS produced a modern rich picture that enhanced the understanding of grassland health
and allowed for the identification of gaps, values, and possibilities for future research work.
Keywords: design; pastoralism; systems thinking; geographic information systems; health
1. Introduction
Pastoral livestock production systems are facing adjustment requirements to evolve
continually as adaptive systems and ensure the sustainability of grazing ecosystems. These
requirements are based primarily on food production, but also include the need for re-
sponding to growing public concerns regarding their negative environmental footprint
(degradation of natural resources, greenhouse gas emissions, biodiversity loss, etc.) that
affects the provision of grassland ecosystem services and, in turn, threatens the stability of
farming systems. This context calls for the introduction of new practices in farming sys-
tems and the use of design techniques to create alternative and more sustainable pastoral
livestock production systems that can attend to multiple and pre-defined demands [1–3].
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A design approach for creating alternative and multipurpose farming systems is well
suited as it uses current knowledge and/or creates new knowledge [3] to generate means,
methods, and products [4] that will be put in action to transform a specific situation [5]
and attain specific predefined goals [4]. An explorative approach is essential in this process
as a starting point to analyze the current situation of a system, identify gaps within it, and
apply available knowledge to set goals and evaluate possible alternatives to meet them
while still considering the constraints of available resources [3,6].
Pastoral livestock production systems are placed within grassland ecosystems, in-
volving natural environments, social networks, cultural features, and multiple areas of
expertise (e.g., geography, agronomy, animal physiology, and agroecology). Grasslands are
heterogeneous environments in which temporal and spatial scale plays an important role
in landscape patterns and ecosystem processes [7]. Heterogeneity in this context is referred
mainly to the variability in vegetation structure, composition, density, and biomass across
the space [7], with each vegetation type having different growth patterns and respond-
ing to environmental factors in different ways, and thus diversely affecting the system
and making it complex and dynamic. The understanding of how those systems behave
and their nature is paramount to create alternative and multifunctional systems, as their
dynamism and complexity mean that any intervention may lead to uncertain outcomes
and unpredictable collateral effects that are not always desired [8]. As an example, the
increased productivity of a farm due to the inclusion of a new crop variety may be followed
by a decline in yield due to pests and disease incidence [9], or increased global temperature
due to greenhouse gas emissions resulting from the intensification of livestock; this is also
a factor that can cause pollinator populations to decline, in addition to pesticide use and
habitat loss [10], as well as its unknown effects on pasture availability and composition
from increased stock density. Therefore, a more integrative and systematic perspective in
this explorative process towards the agricultural context is required to uncover the multiple
services and purposes that grassland landscapes are capable of offering [11].
Systems thinking theory fundamentals could facilitate comprehension of the complex-
ity and dynamism of pastoral livestock production systems by providing an overview of
their components, associations, and processes [12], thus contributing to the explorative
approach in the design of alternative and multifunctional systems. As a systems thinking
tool, rich pictures would trigger the analytical visualization of the current situation of
pastoral livestock production systems. Rich pictures attempt to capture everything to
be perceived as a part of the case, including interconnections, subjective elements, and
non-linear structures [13]. Rich pictures facilitate research translation by improving the
timeliness and relevance of research questions [14], and they could therefore help in the
framework construction for designing alternative pastoral livestock production systems by
depicting potential issues that designers should focus on and the potential implications of
any action taken.
Rich pictures are usually drawn by several hands with no formal rules to raise debates
within a group of people, and they represent different points of view from stakeholders’
perspectives [15]. They are a free-form type of diagrammatic representation used as a
facilitating tool in an analytical situation [16]. However, rich pictures are soft modelling
tools from soft systems methodology, which means that they do not concretely represent
external reality but instead personal views [14,17]. As a way of enhancing a rich picture, we
propose the use of technology and spatial data analysis to create a more realistic rich picture.
This approach would consolidate and better represent the components and outcomes of
management and ecosystem processes occurring within pastoral livestock production
systems that handmade drawings, otherwise, could not measure or capture.
Technology and spatial data analysis bring precision into farming systems [18]. As
an example, geographic information systems (GIS) have been an important technological
tool in landscape visualization by creating virtual ‘pictures’ with mapped information
and simulating reality under a particular set of assumptions [19,20]. Some advantages
of GIS are the integration and interactive visualization of different spatial data layers
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created from various spatial analysis techniques for the decision-making process [19],
such as identifying suitable areas for specific plant species growth [21], susceptibility of
specific spatial occurrences (landslides susceptibility, [22]), and suitability for land use [23].
Although assumptions should be made by experts for the creation and integration of layers,
the decision-making process is based on the final map. The addition of the rich picture
concept would enhance experts’ participation, discussion, and decision making during the
process of creating the maps, potentially affecting the final product.
Using GIS to create a rich picture could advance understanding of how grassland
components and their features are related and how this interaction characterizes pastoral
livestock production systems, facilitating the explorative approach in the design process.
Therefore, this paper reports the application of spatial analysis (GIS) to a high-country
farm to generate and combine different thematic maps to create a novel and modern, rich
picture as a starting diagnostic in a design process for enhanced grassland health.
1.1. Background
1.1.1. Designing Future Productive Landscapes and the Case Study of Lincoln University’s
Mount Grand Station
The case study for this research is the Lincoln University high-country farm of Mount
Grand Station (LUMGS). The station is located on the eastern wall of the upper Clutha
valley in the Lindis ecological district of the South Island, New Zealand (NZ) (See Figure 1).
The total area of the station is 2131 ha, of which 1602 ha is used as a pastoral system, while
the remainder is a conservation area. Around 7% of the area is flat, while the remainder is
steep hill country. The annual rainfall average is 703 mm and the annual mean temperature
is 10.6 ◦C (17.25 ◦C in summer and 2.25 ◦C in winter) [24,25].
Figure 1. Cont.
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Figure 1. The geographic location of Lincoln University Mount Grand Station (LUMGS) (a) and paddock boundary lines (b).
The farm contains around 3000 Merino sheep, which are split into small groups
distributed across the total area at different times of the year, according to seasonality.
Groups vary between 50 and 650 animals depending on the paddock area. Most of the
paddocks used are in low- to middle-altitude areas (<900 m) while some upper paddocks
(<1100 m) have not been used in the last four years. The grazing time in each paddock
depends on pasture availability, weather conditions, and the productivity stage of animals
(e.g., lambing, weaning), and varies between two and five months.
The station is a case study for a design project from the Centre of Excellence in
Designing Future Productive Landscapes at Lincoln University. The design approach
implies the construction of a framework, where strategies, methods, and kernel theories
are used to achieve a known goal [4]. Therefore, this requires a clear definition of grassland
health and how to assess it in order to meet the goal of enhancing it.
1.1.2. Grassland Health
We have defined grassland health as the ability of soils, microorganisms, flora, and
fauna (including humans and grazing animals) present in the system to evolve, adapt, and
maintain their integrity in the presence of natural or human-caused stress/disturbance
and provide essential components to sustain ecosystems. Grassland ecosystems provide
ecosystem services, which are all the ecosystem functions and products that benefit and
meet the needs of human survival, life, and well-being, including soil protection from
erosion [20], the provision of food and water, pollination, regulation of climate, water and
air, primary production, nutrient cycling, and aesthetic/cultural values [26–28]. These
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services vary between different physical environments, grassland types, and their degree
of intactness and adaptation in response to biogeographic events and cultural–historical
evolutive processes over time and space [29,30]. In the LUMGS context, the understanding
of its physical features and its current vegetation community pattern and structure as a
consequence of its evolutionary process is, therefore, paramount to defining and assessing
its grassland health.
With a clear and defined objective, an explorative analysis to evaluate the current
context and set a plan of actions is the starting point in the design process. Accordingly,
the current grassland health and condition of LUMGS should be assessed. As grasslands
are complex environments, as seen by our complex and holistic definition, to establish an
assessment of its health, we applied a systems thinking theory as a holistic approach to
enhance our understanding of how components and processes within temperate grasslands
interact and define the health condition of LUMGS.
1.1.3. Rich Pictures and GIS
Rich pictures, as systems thinking tools, are ideal for identifying opportunities for
change to occur, as they work as an analytical method that aims at capturing as much
information as possible to enhance the understanding of complex/messy situations [17,31].
By recognizing the processes underway, rich pictures help in the identification of priorities,
current and potential issues, and future actions towards a specific context [32]. The out-
come of rich pictures, therefore, signals further approaches and research tools and directs
possible improvements [17,31]. As an alternative to rich pictures, GIS, an analytical method,
has been contributing to farming systems with decision-making support capabilities by
providing valuable information through the creation of virtual maps and insights about
a particular environment [19]. Furthermore, the use of GIS has been reported to address
cultural and traditional values and concepts [21] and embed community participation [33],
as in rich pictures.
Rich pictures are a structureless and rule-less way of communication that produce
multi-perspective representations and models of complex systems [32], while GIS produces
virtual pictures [19] that allow for the assessment and critical evaluation of landscapes [34].
Therefore, as we seek an enhanced understanding of complex environments to initialize
the design process, we applied GIS for the creation of our rich picture. The use of GIS is
aimed at adding realistic information for the components and design process of LUMGS to
enrich the informative value of the rich picture, thus facilitating the explorative analysis.
As both rich picture and GIS require a methodology accounting for different perspectives
and concepts, we used multi-criteria evaluation (MCE) to combine the different virtual
maps and contemplate the community participation principles of handmade rich pictures.
The next section will describe how the rich picture was created (Figure 2).
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Figure 2. Illustrative diagram of the process of using spatial analysis to create modern rich pictures that enhance the
understanding and analysis of grassland health. RGBN: red, green, blue, NIR multispectral imagery, NDVI: Normalized
Difference Vegetation Index, DEM: digital elevation models, MCE: multi-criteria evaluation.
2. Materials and Methods
2.1. Rich Picture
The rich picture was built through a combination of remote sensing data and on-
the-ground data with ArcGIS/Arcmap 10.7.1® software depicting vegetation and soil
characteristics as a means of indicating the health condition of vegetation and topographic
features at LUMGS based on our previous holistic definition about grasslands health. A
high-resolution base dataset of LUMGS was captured (flying at 1550 m) for Summer 2020
in terms of RGBN 16 bit (Red, Green, Blue, NIR) multispectral imagery at 12.5 cm of
ground sampling distance and light detection and ranging (LIDAR) to generate digital
elevation models (DEM) and digital terrain models (DTM). A DEM is a representation of
the topographic surface, and a DTM augments a DEM by including vector features of the
natural terrain [35].
The DEM/DTM were used to generate topographic layers, providing altitude, slope,
and aspects, and the RGBN image was used for the Normalized Difference Vegetation Index
(NDVI) of the area. Slope and NDVI have already been used as remote sensing assessment
tools of grassland health in other studies, with slope as a limiting factor on ecosystem
resilience and NDVI as an ecosystem vigor indicator [36,37]. Vigor is an ecological indicator
of primary ecosystem productivity over time and space [38], used to assess grassland
health [39], and it can be assessed through NDVI as it represents the amount of green
vegetation in an ecosystem [38]. The NDVI (Equation (1)) is generated from measurements





Aspect indicates the orientation of a slope to the sun, therefore suggesting the level
of incident sunlight radiation on it, while altitude is a highly influential topographic
attribute on the abiotic factors of an environment [40]. Aspects and altitude determine
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the microclimate of an area, and thus play an important role in vegetation patterns of
productivity, species composition and biodiversity [41–43], and soil chemical, physical, and
biological parameters [44–46], all of which are essential attributes used to assess grassland
health, especially in a highly heterogeneous environment such as LUMGS.
2.1.1. Botanical Composition
On-the-ground data collection during summer (December 2020 and January 2021)
to detail the botanical composition, vegetative cover, and soil condition of hill country
grassland areas was conducted to validate vegetation and soil historical data of LUMGS,
based on the literature provided by Duncan et al. (1997). Data sampling occurred in
areas classified as ‘hill country low-producing grassland’ according to the new vegetation
classification map of LUMGS created by the Centre of Excellence (unpublished data).
Other vegetation areas of LUMGS also include grassland ecosystem components (such as
shrubs, exotic forest, high producing grassland, Kanuka), but because they were dominated
by other kinds of vegetation (specific shrubs or trees), they were categorized differently.
The decision for taking samples only in the areas classified as ‘hill country low-producing
grassland’ was taken to ease and reduce the amount of field work, due to time and financial
limitations. These areas were subdivided into three categories: high altitude (>1100 m),
mid-altitude (900–1100 m), and low altitude (<900 m). Sample points were collected from
each of the three categories (Figure 3).
Figure 3. Sampling points distributed according to altitude to detail the botanical composition,
vegetative cover, and soil condition of hill country grassland areas of LUMGS.
Aspects of the area were also considered and registered in every sampling point, in
which we classified three categories: Sunny aspect—considering north, northeast, and
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northwest face; moderate sunny aspect—considering west and east faces; and shady
aspect—considering south, southeast, and southwest hillside faces. Transects of 100 m
were randomly positioned six times in each category of altitude, and five (1 × 1 m) quadrats
equally distributed over each transect were visually evaluated to register the absolute cover
percentage of species present in each quadrat. The cover percentage was then used to
calculate the absolute frequency, relative frequency, and value of abundance index of
species according to Ellenberg and Mueller-Dombois (1974 [47]). Furthermore, Simpson’s
diversity index [48] was calculated as:
D = 1 − ∑ n(n − 1)
N(N − 1) (2)
where n is the number of individuals from the same species and N is the total number of
all individuals. Both indices were calculated for each altitude considered for sampling.
The botanical composition resulted in more than 40 different species, including grasses,
legumes, herbs, and shrubs. However, we listed only species that had an importance value
that considers relative frequency and cover higher than five (Table 1). Some species were
found at all altitudes, but with different importance values, indicating different abundance
or frequency. Most of the species were also reported by Duncan et al., (1997), the database
used to design the methodology of the current study.
Table 1. Plant species with importance value higher than 5, according to Ellenberg and Mueller-
Dombois (1974) for each altitude of LUMGS, Central Otago, New Zealand (NZ), December 2020–
January 2021.
Altitude Species Importance Value















The Simpson’s diversity index was calculated as 0.91, 0.89, and 0.88 for low, mid, and
high altitudes, respectively. A higher value (closer to one) of Simpson’s diversity index
indicates a more taxonomically diverse environment. Landscape diversity and richness
and vegetation coverage are indicators of the level of organization of an ecosystem [36], an
important ecological indicator of grassland health that is related to the biodiversity of com-
ponents and their interactions [38,39]. The diversity of plants is also positively associated
with increased biomass production, which is an important ecosystem function in grass-
lands and a parameter that indicates vigor, besides triggering biotic processes that promote
multifunctionality and assure better integrity, stability, and resilience of ecosystems [49–51].
Therefore, the diversity index is a good indicator of grassland health condition, and our
range suggests high diversity in all altitudes, being an essential parameter to be considered
in our explorative analysis.
Sampling points were georeferenced with a GPS (GPSMAP 76S Garmin, 3 m) and
imported to ArcGIS/Arcmap 10.7.1® software. Botanical data were submitted to a principal
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coordinate analysis developed for the matrix of species cover composition using the Bray–
Curtis method to understand the degree of similarity between the unit samples (quadrats)
regarding the cover composition of species. The average linkage method was used for the
hierarchical cluster analysis using the vegan package [52] on R software version 3.4.0 [53].
The cluster analysis (Figure 4) resulted in four groups of unit samples (quadrats) that
presented similarities, and each group was represented by significant species; these are
different from the ones selected with importance values higher than five.
Figure 4. Principal coordinate analysis (PCoA) of Bray–Curtis distance matrix showing the distribution of plant species
resulted from the botanical composition by its vegetation cover in four groups: Group 1: Arrhenatherum.elatius, Geranium
molle, Vicia Sativa. Group 2: Anthoxanthum odoratum, Bromus diandrus, Dactylis glomerata, Lolium perene. Group 3: Anisotome
flexuosa, Celmisia lyalli, Dracophyllum pronun, Gaultheria depressa, Hieracium lepidulum, Poa cita. Group 4: Aciphylla aurea,
Chionochloa rigida, Hieracium pilosella, Trifolium repens.
The cluster analysis resulted in a low sum of axis, which was not desirable. However,
we aimed to use this methodology to propose new tools to illustrate the distribution of the
most abundant plants in LUMGS, and we acknowledge that this methodology should be
improved in future works. Alternatively, other types of cluster analysis could have been
performed, or a higher number of samplings could increase the accuracy of the analysis.
However, as we were satisfied with the groups that resulted from the analysis, we used the
results to demonstrate and propose the methodology and provide us with an idea of plant
distribution in LUMGS.
Based on this result and the results from the value of abundance index of species,
advanced image classification methods (machine learning and object/pixel-based classifi-
cation) from Arcmap were used to create a map depicting the most abundant plant species
and its distribution across the classes of low-producing grassland of LUMGS. Significant
species from cluster analysis results were drawn as polygons over pixels values of the
RGBN image to create a training dataset (signature file). The training dataset was used
to train a machine learning model in the support vector machine learning and apply it to
recognize patterns in the area in terms of species distribution. The support vector machine
learning tool is a supervised learning method based on statistical learning theory [54]. The
classify raster tool was used to extrapolate this information over the whole area. The map
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was created based on fieldwork and pixel-based classification in Arcmap. Ground proof
was not attained due to the small size of quadrats and GPS accuracy, but the distribution of
species across the area corresponded to the results of botanical composition performed on
the ground, regarding species abundancy in each altitude according to Duncan et al. (1997).
2.1.2. Soil Analysis
Soil is a key component in grasslands and plays a vital role in ecosystem processes,
influencing its vigor, organization, and resilience, the three ecological indicators that
determine grassland health [36]. Vigor and organization were previously defined, whereas
resilience is the system capacity in maintaining its structure and function in the presence of
stress [38,39]. Soil resilience definition follows the same concept and is related to the term
sustainability due to its multifunction [55].
The influence of soil on ecological indicators depends on the ability of its single
properties and its process to interact and perform soil functions, therefore determining its
health [56,57]. Several attributes/indicators have been used to assess soil health. Bearing
in mind that soil has chemical, physical, and biological components, we have selected soil
indicators carefully covering those three areas to represent its health [57].
Soil samples were taken from the same areas and sample points as vegetation com-
position evaluation. For chemical and biological attributes, samples were taken by using
a quick test auger to sample 0–10 cm depth, which were analyzed at Lincoln University.
Subsamples were broken up, air-dried, and ground to pass through a 2 mm sieve for further
soil analysis.
The moisture content of air-dried samples was determined gravimetrically by drying
at 105 ◦C for 8–24 h. A moisture factor was applied in calculations of the results to convert
air-dried results to an over-dry basis. Soil pH and electrical conductivity were determined
in a 1:2.5 soil:solution ratio according to the procedure developed by NZ Soil Bureau for
NZ soils [58].
The organic C and total N of soil were measured by using an Elementar Vario-Max CN
Elemental Analyzer. Soil samples were combusted at 900 ◦C in an oxygen atmosphere and
any elemental carbon and nitrogen were converted into CO2, N2, and NOx. NOx was subse-
quently reduced to N2. These gases were then passed through a thermal conductivity (TC)
cell to determine CO2 and N2. The Olsen P method was used to determine soil phosphorus
(P) fertility on a 0.5 M NaHCO3 (pH 8.5) extraction using a spectrophotometer [58,59].
A simple single-extraction procedure with ammonium acetate solution was used to
measure exchangeable cations in soil (Ca, Mg, K and Na). Soil sulphate sulfur (S) and
extractable organic sulfur on soil surfaces were measured by extraction with potassium
phosphate (KH2PO4) solution from fresh soil samples [60]. Soil particles’ size distribution
was manually calculated for the determination of soil texture. The stability of an aggre-
gate test was not conducted, as samples presented a lack of structure and no aggregates;
therefore, the analysis was unfeasible.
Aluminum cores (99 mm internal diameter and 75 mm high) were used to collect soil
samples for determining physical parameters of field capacity, microporosity, and bulk
density. Undisturbed soil cores were saturated and equilibrated at −10 kPa on tension
tables and results were calculated from oven-dry weights.
Statistical analyses for soil results were performed in R [53] using R package lme4 [61].
Multiple linear regression was used to analyze the effect of different altitudes and aspects
on soil parameters (pH, N, K, extractable organic S, electric conductivity, C/N ratio, Ca,
moisture, exchangeable cations, C, P, S, Mg, field capacity, bulk density, porosity, macro-
porosity, volumetric water content, and water-filled pore space). Model assumptions
were adjusted graphically for normal distribution and homoscedasticity of the residuals.
P values were obtained by Wald X2 test type II (p < 0.05 or p < 0.01). Volumetric water
content and water-filled pore space were submitted to the Kruskal test, a non-parametric
test, as the data did not show a normal distribution even after logarithmic or square
root transformation.
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Regardless of whether soil parameters were affected by altitude or aspect, the chemical
results (pH, N, K, extractable organic S, electric conductivity, C/N, Ca, exchangeable
cations, C, P, and Mg) were contrasted with value ranges for NZ soil [58] to create the layers
for the rich picture, and most of the parameters were framed in the same classification
(Table 2). The remaining parameters were compared with the literature values.
Table 2. Classification soil chemical parameters of LUMGS according to NZ soil classification
(adapted from Blakemore, 1987).
Range Classification





pH <4.5–5.2 5.3–6.5 >6.6 Low Low Low
EC (dS/m) 0.15–15 15–50 50–>150 Low Low Low
C (%) <2–4 4–10 10–>20 Medium Medium Medium
N (%) <0.1–0.3 0.3–0.6 0.6–>1 Medium Medium Medium
C/N ratio <10–12 12–16 16–>24 Low Medium Medium
P (µg/g) <10–20 20–30 30–>50 Medium Low Low
CEC (me/100 g) <6–12 12–25 25–>40 Medium Medium Medium
K (me/100 g) <0.3–0.5 0.5–0.8 0.8–>1.2 Medium Medium Medium
Ca (me/100 g) <2–5 5–10 10–>20 Medium Medium Low
Mg (me/100 g) <0.5–1 1–3 3–>7 Medium Medium Low
Extractable org S
(mg/kg) <5–15 15–50 50–>150 Low Low Low
Considering that soil parameters affect soil health collectively, and that evaluating
them as individual factors would lead to a flawed conclusion about the health condition of
a complex system, parameters were integrated by using MCE to produce four soil maps:
a resilience map (slope, erosion susceptibility, altitude, pH, C, P, electric conductivity,
and exchangeable cations), a chemical map (extractable organic S, C/N, N, exchangeable
cations, Ca, Mg, K, Na), a physical map (bulk density, field capacity, porosity, macroporosity,
volumetric water content, and water-filled pore space), and a map that depicted organic
matter content. The categorization of the parameters into the maps was defined by the
authors. Maps were created by classifying polygons, drawn at each altitude, according to
the classification of each parameter.
2.1.3. Multi-Criteria Evaluation
Each map layer (soil layers, topographic layers—aspects and NDVI, and diversity
index layer) was converted to a raster layer in Arcmap and classified, using reclassify tool,
into one of three grassland health condition categories for sustained pastoral livestock
production systems (low, moderate, or adequate condition to sustain pastoral livestock
production systems, Figure 5). The categories were a range of values attributed to each of
the parameters defined along with three workshops covering 15 researchers/experts on
soil, vegetation/biodiversity, production systems, and existing systems. Then, an MCE was
performed, using a weight overlay tool, to combine GIS layers using weightings derived
from pairwise comparison matrices performed by a group of six experts from the research
group, following the analytical hierarchy process (AHP) described by Saaty (1980 [62]).
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Figure 5. Raster layers representing criteria maps of LUMGS, and their respective value of influence
(%) in assessing grassland health, according to analytical hierarchy process (AHP), used to create a
modern rich picture in Arcmap: (a) soil resilience map (slope, erosion susceptibility, altitude, pH, C,
P, electric conductivity, and exchangeable cations)—25.6%; (b) soil chemical map (extractable organic
S, C/N, N, exchangeable cations, Ca, Mg, K, Na)—11.3%; (c) soil physical map (bulk density, field
capacity, porosity, macroporosity, volumetric water content, and water-filled pore space)—9.1%; (d)
soil organic matter content—14.3%; (e) aspects—12.5%; (f) Normalized Difference Vegetation Index
(NDVI)—15%; and (g) Simpson’s diversity index—11.7%. Each raster was classified as having a low
(red), moderate (coral), or adequate (green) condition to sustain pastoral livestock production systems.
We applied MCE to hierarchically combine criteria/attributes (each layer) based on
each individual perspectives. We used this approach as traditional rich pictures are free-
hand drawings made by a group of people with a goal in mind that aims at depicting
their perspectives concerning a specific context. The group of six people was small and
purposefully selected as the creation of rich pictures is agreed to work better in the context
of a small number of people [14,15]. Moreover, the group must be aware of the theme to be
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investigated in order to determine its constituents [63]. Therefore, this process was run with
an overall goal in mind—assessing the current health condition of LUMGS grassland, in
which attributes were weighted for importance before combination according to individual
knowledge of each expert (see a similar process in [21,34]). The MCE yielded a single
hierarchically overlaid map representing grouped criteria to satisfy the goal according to
experts’ perspectives. The map was then converted to a browser-run 3D map in ArcScene,
thus creating a 3D rich picture of LUMGS illustrating areas as having low—pink color, or
moderate health condition—green color. (Video S1: 3D rich picture of LUMGS).
As soft modelling tools, there are not definite or unique problem definitions in rich
pictures but instead personal perspectives [17]. A rich picture is a physical drawing that
encourages debate and offers shared thinking to improve people’s understanding from
their different perspectives towards a complex context [32]. Therefore, rich pictures are not
supposed to be validated but judged by their creators regarding whether they meet the
goal behind their creation, which is the reason why the group of people should be small,
and purpose selected [14,15]. To attend to the principles of a traditional rich picture, the
final rich picture was evaluated by the same group of people that created it, as a means
to ensure those goals were satisfied. Rich pictures are a product of discussion within
groups in workshops or meetings. Therefore, the MCE was performed more than once,
creating different ranks and different rich pictures. After each outcome from the AHP and
MCE, meetings were taken to evaluate the importance of each layer for assessing grassland
health and the value (factor of influence) attributed to it. This exercise raised discussions
about the definition of grassland health, which was reviewed several times, and about
the attributes that led the group to redo the pairwise comparison, bearing in mind the
previous discussions. Ultimately, the final rich picture is the result that better satisfied the
goal of assessing the current health condition of LUMGS based on the group of experts
who created it.
3. Results
Results from soil particle size distribution characterized the soil texture of LUMGS
as silt loam. Although this parameter was not inputted to the rich picture, it contributes
to understanding the condition of soil and vegetation in the area, as it affects many of
the chemical and physical parameters of soils [64]; including susceptibility to erosion and
ability to support a vegetation community, and the abundance and variety of plants [65].
The same is true of soil classification, (Figure 6), which is predominantly composed of
brown (upland slopes) and Pallic (loess parent material) soils [66], according to Hewitt
(1998 [67]). Brown soils, according to Landcare Research [66], cover a great extent of
NZ soils and occur in places where summer drought is not common and that are not
waterlogged in winter. They are relatively stable with good biological activity but have low
to moderate base saturation. Pallic soils, on another hand, do not cover a large part of NZ
soils and occur in dry parts of the country. They are susceptible to erosion, have medium
to high nutrient content and base saturation, but a low concentration of organic matter.
Pallic soils tend to be more compact and require more land management attention from
farmers, especially during wet conditions, while brown soils are better structured and are
more resistant to treading damage [20,68]. Knowledge of soil classification and soil type is
essential to understand the results of the analysis performed in this study, so as to relate it
with vegetation tendencies. Having this information not only contributes to explaining the
current situation of LUMGS but also provides a direction for possible actions to be taken
for the enhancement of grassland health under livestock production systems.
Sustainability 2021, 13, 11535 14 of 23
Figure 6. Soil classification of LUMGS derived from Smap (Manaaki Whenua Landcare Research’s
map at a nominal 1:50,000 scale) and the NZ National Soil Database and NZ soil classification: 1:
acidic orthic brown soils. 2: Mottled acid brown soils. 3: Rocky waw soils. 4: Pedal immature Pallic
soils. 5: Typic argillic Pallic soils. 6: Typic fluvial recent soils.
The influence of altitude and aspect features on soil parameters is shown in Table
3. Altitude was a factor of influence for most of the chemical parameters, while aspect
was only significant for pH, soil moisture, and C/N ratio, where interaction with altitude
was observed. At high altitude, pH was similar for all the aspects and mid-altitude—
shady aspect and low altitude—sunny aspect (5.02). At low altitude, moderate sunny
and shady aspects, and mid-altitude—sunny and moderate sunny aspects, pH was 5.32.
Moisture content was lower at low altitude regardless of aspect (22.42%), it was higher for
mid- and high altitude, for shady aspect in mid-altitude, and for moderate sunny aspect
(43.08%), with intermediate values at high altitude, moderate sunny and sunny aspects,
and mid-altitude, sunny aspect (31.06%). The ratio of C/N at high altitude was the same
for all aspects and mid-altitude moderate sunny and shady aspects (14.65). This ratio
was lower for the sunny aspect at mid-altitude (13.08) and even lower for all aspects at
low altitude (10.86).
Although some parameters were different according to altitude or aspect, soil layers
were created based on the range of values for each altitude according to NZ soil classifica-
tion and the literature, as previously stated.
The distribution of plant species at LUMGS is illustrated in Figure 7. This map was
not included in the creation of the rich picture per se but adds valuable information to the
rich picture outcome and the design process.
Sustainability 2021, 13, 11535 15 of 23
Table 3. Influence of altitude and aspect features on chemical parameters of LUMGS soils, Central Otago, NZ, December 2020–January 2021.
Altitude p-Value Aspect p-Value Alt*Asp
Low Mid High Sunny Moderate Shady
pH 5.28 5.18 4.89 <0.01 5.18 5.29 4.99 <0.01 <0.01
EC (dS/m) 0.024 a 0.020 b 0.018 b <0.01 0.021 0.021 0.021 0.94 0.51
Moisture (%) 19.91 34.55 40.71 <0.01 24.93 29.99 38.00 <0.01 0.01
C (%) 4.44 b 5.06 a 4.59 ab 0.02 4.55 4.86 4.74 0.17 0.24
N (%) 0.41 a 0.37 a 0.30 b <0.01 0.36 0.39 0.35 0.54 0.36
C/N ratio 10.86 13.60 b 14.89 a <0.01 12.64 12.50 13.77 0.02 0.01
P (µg/g) 24.42 a 17.75 b 15.07 b <0.01 20.71 20.60 17.17 0.56 0.05
CEC (me/100 g) 16.76 18.33 17.73 0.07 17.19 17.15 18.15 0.20 0.70
K (me/100 g) 0.64 0.72 0.65 0.50 0.71 0.70 0.63 0.46 0.56
Ca (me/100 g) 5.97 a 4.68 a 1.98 b <0.01 4.53 4.84 3.75 0.72 0.14
Mg (me/100 g) 1.28 a 1.00 b 0.52 c <0.01 1.02 1.05 0.81 0.68 0.55
Extractable org
S (mg/kg) 4.81
a 5.60 b 5.50 ab 0.02 5.17 5.52 5.30 0.46 0.31
S (mg/kg) 11.06 a 7.36 b 4.73 b <0.01 8.48 7.84 7.07 0.88 0.37
Field capacity
(gH2O/gsoil)
0.40 0.47 0.45 0.043 0.44 0.41 0.45 0.31 0.10
Bulk density
(g/cm3) 0.93 0.85 0.87 0.14 0.88 0.94 0.86 0.16 0.05
Porosity (%) 64.53 67.72 66.93 0.25 66.65 67.51 64.16 0.13
Macroporosity
(%) 43.67 41.59 42.22 0.78 41.85 41.85 43.22 0.64 0.05
VWC (%) 36.27 39.25 38.32 0.07 38.63 37.07 38.01 0.74 0.11
Water filled pore
space (%) 56.32 58.40 57.77 0.44 58.14 58.14 56.77 0.64
Low—low altitude (<900 m), Mid—mid-altitude (900–1100 m), High—high altitude (>1100 m). Sunny aspect—north, northeast, and northwest faces, moderate sunny aspect—west and east faces, and shady
aspect—south, southeast, and southwest faces. a–c Means within a row with different superscripts differ (p < 0.05).
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Figure 7. Distribution and abundance of plant species in low-producing grassland areas of LUMGS.
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The pairwise comparison result with the weights for each criterion/attribute is shown
in Table 4. According to the combined individual perspectives from six experts, soil
resilience is the most influential criterion for assessing grasslands health, while the least
influential criterion is physical parameters of soil.
Table 4. Pairwise comparison table of the criteria to define and assess grassland health.
Criteria/Attribute Factor of Influence (%)
Soil resilience 25.6
NDVI 15.0
Soil organic matter 14.13
Aspects 12.5
Simpson’s diversity index 11.7
Soil chemical map 11.3
Soil physical map 9.1
The relative importance of each criterion for defining and assessing grassland health,
according to the MCE results, derived a map characterizing the grassland condition of
LUMGS as a low or moderate health condition (Figure 8). The map suggests that most of
the area (97.7%) is considered as having a moderate health condition of grasslands, with a
small proportion (2.3%) of the area being considered as having low or no area considered
to be in good health.
Figure 8. Modern rich picture made in ArcGIS/Arcmap 10.7.1® illustrating areas of LUMGS as
having low (pink color) or moderate health condition (green color).
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4. Discussion
These results are dependent upon the weight of influence of each criterion/layer
inputted to the creation of the map, and how each criterion/layer (either as a result
of spatial analysis or fieldwork) is categorized in a grassland health condition range.
The categories were defined by consulting experts and the literature, while the relative
importance of each criterion was decided by the group of six people. During the process,
individual layers were discussed and modified until an agreement within the group was
achieved. As more discussion and participatory involvement occurred, the perspectives
towards the rich picture became more critical, and different perspectives provided different
influences for different parameters, thus producing different maps. This is the ultimate
reason why rich pictures should be made by a group of people with different perspectives,
as an attempt at capturing and representing a context viewed by different points is vital.
Based on this, the result of evaluating the grassland health condition of LUMGS is
mainly a consequence of the topographic context of the station (slope, elevation, aspect),
which has a high influence on vegetation and soil parameters. Besides this, the grazing
management on the station has a great impact on soil–plant interactions, with further
consequences for grassland health. However, grazing management effects will not be
discussed in this work. The rich picture is the starting point for a design project that aims to
enhance grassland health and indicates the current condition of LUMGS for the planning
of further actions that will consider grazing management.
Our rich picture compiles soil, topographic, and vegetation parameters, which are
key components of grasslands that further affect ecosystem processes. Understanding
their interaction on ecosystem services contributes to defining grassland health. However,
uncertainties and gaps caused by data availability constraints must be acknowledged.
We are aware that, given the previous definition of grasslands health, some parameters
are missing. As a complex system, components and processes are related, so available
information used in this work can indicate and provide insights about other components
and processes that take place in grasslands that define their health. However, measurements
that assess and inform other grassland components and processes, such as microorganisms
and fauna, were not collected. We strongly suggest the addition of these measurements
in future work to achieve a more holistic view of grassland health. In addition, the use
of other indices, when possible, would increase the accuracy and representativeness of
the rich picture. For instance, we used NDVI as a vegetation index, but other studies [69]
report that the Leaf Area Index (LAI) is more suitable for assessing grassland health.
The topographic layers were derived from a high-resolution raster DEM, from which
analysis covered the whole station. However, soil and vegetation parameter layers resulted
from a small number of samples collected on the ground, which, despite representing
the area, did not cover it all. As the sampling was based on different altitudes, most of
the layers were also categorized by altitude, tending to a generalization. This happens
for soil data specifically, which is the most abundant database in our rich picture, with
soil resilience being the most influential criterion in the overlay process. Furthermore,
most of the soil results were classified in the same category (see Table 2), contributing
even more to generalized/homogeneous layers. Hence, the final map is generalized and
predominantly classified as a moderate health condition. In future work, a higher number
of on-the-ground samplings to embrace the whole area should be considered, as should
the employment of a different sampling method.
The low-producing grassland map provides us with the most common and abundant
plant species to be found in each area of the station. Sampling points and strategy were the
same as for soil data, and, therefore, follow the same constraints and recommendations.
However, a different methodology in Arcmap was used and we managed to extrapolate
the information beyond the altitude boundary, producing a heterogeneous map, which
depicted the vegetation community of LUMGS during the summer season. When con-
trasted with other layers, such as NDVI and diversity index, the map provides valuable
information on grassland health condition. This information can be contrasted with the
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grazing management of farm and land-use historical data to create associations between
attributes that enhance the characterization of LUMGS. Moreover, by knowing the veg-
etation distribution of the area, designers can further work on researching the feeding
value, primary production, and ecological function of those plants as one tool of grazing
management by matching the available feed on offer and grazing ruminants’ requirements.
This knowledge contributes to a better understanding of the possible consequences of
any actions on time and space scales, which contribute to the estimation of tendencies.
Picturing tendencies is paramount before taking any action, especially in a complex and
spatiotemporal dynamic system, where a change in one part of the system affects another
part (ceteris imparibus, [70]). The creation of a map is a fast and low-cost option to estimate
and describe the vegetation community in a specific area as a design tool for designing
pastoral livestock production systems, especially in a large area that requires a high number
of samplings, and in a time- and resource-constrained context. Because the map is based on
a small number of samplings, it is only a representation of some of the plant species present
in LUMGS; therefore, we suggest a higher number of samples for a more accurate map, and
sampling along the seasons of the year to represent the temporal distribution of species.
As rich pictures are subjective views and do not aim at concretely representing an
external reality, they should not be validated but instead promote a highly interpretive
exercise with people [14] and empower the level of discussion about a situation [31].
Therefore, judgment regarding whether the rich picture is correct is negated and an analysis
of the alignment between the rich picture and the aim of creating it should be made instead.
As part of a design project, goals and objectives are required to be defined at an initial stage,
and an explorative approach should be taken to analyze what is happening at the present
stage and what should be performed or changed to achieve said goals. Rich pictures
are a gold standard in this process, as they are a waypoint towards a goal, emerging as
the beginning step of a process [16]. In our context, the rich picture would be a starting
point in the design process to characterize the grassland health condition of LUMGS and
provide an identification of the issues to be solved. Therefore, we should reach a conclusion
regarding whether the rich picture is a good starting point for an explorative analysis
of LUMGS towards the design process of alternative multifunctional pastoral livestock
production systems.
By integrating data provided by GIS, field data and historical data of a landscape can
yield several outputs that better illustrate the grassland health condition of LUMGS, thus
addressing the issues that need to be solved. The use of GIS enabled the extrapolation of
on-the-ground data and derived true topographic and satellite information that could not
be easily measured by other means. In a large and heterogeneous area such as LUMGS,
expanding fieldwork for the whole area or applying common practices of measurements is
time and resource consuming, so GIS plays an important role in providing valuable and
real information in a short time. The approach used for fieldwork may have neglected
the heterogeneity of the area, and empirical validation with GIS provides the ultimate
validation of extrapolated soil and plant species distribution results.
In addition to integrating different data sources, the analysis of parameters in isolated
ways could lead to misinterpretations, as parameters affect each other and their meaning
when visualized as a set of factors. All the information was put together in GIS using
a weight overlay technique to create the rich picture. The use of MCE facilitated the
integration of knowledge as it combined attributes based on perspectives from people,
which is one requirement of rich pictures—depicting points of view [16]. Therefore, our
modern rich picture is a combination of data and a combination of points of view, just
like handmade rich pictures, with the addition of real information depicted through GIS
inputs, which we are not able to show by manually drawing them; thus, we enhanced the
information provided by the picture and develop current understandings regarding the
current health condition of LUMGS.
Despite these constraints, the process of creating the rich picture and the final map
promoted a highly interpretive exercise in our group, raising debates and discussions about
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the definition and assessment of grassland health. As the aim of creating a modern rich pic-
ture is to trigger the design process to enhance the grassland health of LUMGS, which will
be conducted by the same group of people, this exercise was valuable in terms of enriching
comprehension and critical thinking, considering several areas of expertise on grasslands
and livestock production science, and facilitating the identification, understanding, and
planning of what and how grassland components interact and affect the ecosystem in
which they are embedded.
The application of spatial analysis to create the modern rich picture depicted here
is a demonstration of a new methodology to assess grassland health condition. It is
important to note that the variables, tools, and analysis taken to combine methods and
build the methodology may vary for different contexts and goals. As in design projects,
the available time and budget must be considered before any planning, and the approach
taken here should also be adjusted for specific project boundaries. As this approach is
innovative, further suggestions in future studies on how to make it more feasible, realistic,
and applicable for grassland analysis are expected in the future.
5. Conclusions
Applying spatial analysis to LUMGS yields several layers addressing different at-
tributes that describe the vegetation and soil characteristics of the station. The integration
of those layers enabled the creation of a single map, and the use of MCE was shown to be
an effective way to integrate individual information considering different perspectives. The
final overlaid map results from a combination of concrete data that represent the essential
components of grasslands (vegetation and soil), points of view of experts used to classify
each layer, and the integration of both, which illustrates how components are related.
Therefore, it depicts the grassland health condition of LUMGS as rich pictures made by
hand would do, but with real data to better spatially represent grassland components by
using GIS, thus creating a modern and sophisticated rich picture.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su132011535/s1, Video S1: 3D rich picture of LUMGS.
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